Retrograde signaling is a mechanism by which mitochondrial dysfunction is communicated to the nucleus for inducing a metabolic shift essential for cell survival. Previously, we showed that partial mitochondrial DNA (mtDNA) depletion in different cell types induced mitochondrial retrograde signaling pathway (MtRS) involving Ca +2 -sensitive Calcineurin (Cn) activation as an immediate upstream event of stress response. In multiple cell types, this stress signaling was shown to induce tumorigenic phenotypes in immortalized cells. In this study we show that MtRS also induces p53 expression, which was abrogated by Ca 2+ chelators and short hairpin RNA-mediated knockdown of CnAβ mRNA. Mitochondrial dysfunction induced by mitochondrial ionophore, carbonyl cyanide m-chlorophenyl hydrazone and other respiratory inhibitors, which perturb the transmembrane potential, were equally efficient in inducing the expression of p53 and downregulation of MDM2. Stress-induced p53 physically interacted with hypoxiainducible factor-1α (HIF-1α) and attenuated the latter's binding to promoter DNA motifs. In addition, p53 promoted ubiquitination and degradation of HIF-1α in partial mtDNA-depleted cells. The mtDNA depleted cells, with inhibited HIF-1α, showed upregulation of glycolytic pathway genes, glucose transporter 1-4 (Glut1-4), phosphoglycerate kinase 1 and Glucokinase but not of prolyl hydroxylase isoforms. For the first time we show that p53 is induced as part of MtRS and it renders HIF-1α inactive by physical interaction. In this respect, our results show that MtRS induces tumor growth independent of the HIF-1α pathway.
INTRODUCTION
The ubiquitous tumor suppressor p53 is a multifunctional protein, which mediates a number of physiological and pathological processes in addition to being an important determinant of cellular response to stress. 1 Paradoxically, wild-type (WT) p53 also has a role in the regulation of genes involved in tumor invasion (cathepsin D, matrix metallo proteinase 2 and matrix metallo proteinase 9), 2 tumor growth (for example, vascular endothelial growth factor receptor) 3 and decreased expression of E-cadherin 4 that are involved in tumor metastasis. The ability to sense DNA damage, transcriptionally modulate the expression of a number of genes involved in DNA repair and cell cycle progression are critically important in its role as a tumor suppressor. 5 Yet, another important function of p53 is to modulate cellular metabolism and oxidative phosphorylation by regulating the transcription of SCO2 gene, which is involved in the assembly of mitochondrial cytochrome c oxidase (CcO) complex. 6 Multiple types of posttranslational modifications including phosphorylation, acetylation and sumoylation regulate the stability of p53 by interfering with its association with MDM2 and subsequent degradation. 7 The p53 protein carries out several functions that are not dependent on its DNA binding and transcriptional activity. Channeling of glucose preferentially to glycolysis by direct association with glucose-6-phosphate dehydrogenase and inhibition of pentose phosphate pathway is one example. 8 Several studies suggest a direct role of p53 in inducing cellular apoptotic pathway by physical interaction with anti-apoptotic BcL2 family proteins and pro-apoptotic Bid and Bax proteins. [9] [10] [11] p53 has also been shown to localize inside the mitochondrial inner membranematrix compartment, where it is proposed to have a protective role on mitochondrial function. 10 Mitochondria have a central role in cellular energy generation, metabolic integration and initiation of apoptosis. Mitochondrial dysfunction is detrimental to cellular viability and has been linked to many neurodegenerative, muscular, myocardial diseases as well as aging and cancer. 12, 13 Mitochondrial DNA (mtDNA) mutations and reduced mtDNA contents are frequently found in many neuromuscular, cardiac diseases and cancers. 14 A series of studies from various laboratories have shown that dysfunctional mitochondria induce stress signaling, called retrograde signaling (mitochondrial retrograde signaling, MtRS), 15 which culminates in altered nuclear gene expression, altered metabolism and tumorigenesis in otherwise non-tumor-producing cells. [16] [17] [18] [19] Several mechanisms of stress signal propagation including Ca 2+ /Calcineurin (Cn) activation pathway, [20] [21] [22] mitochondrial reactive oxygen speciesinduced hypoxia-inducible factor-1α (HIF-1α) pathway, 23 ERK/JNK pathway 24 and AMPK pathway activation, 24, 25 among others, have been described. In the Ca 2+ /Cn pathway we showed the activation of several Ca transcription activation of other~120 nuclear genes, 28 although the role of p53 in signal propagation was not investigated.
Altered metabolism and induced glycolysis are also the hallmark of the HIF-1α signaling pathway. 29, 30 Furthermore, HIF-1α and p53 are reported to have both complementary and contradicting roles in cellular metabolic shift, apoptosis and cancer progression. 31, 32 In this study, therefore, we investigated the regulation of HIF-1α pathway and its connection to Ca 2+ /Cn pathway and p53 using partial mtDNA depletion (~70%) as stress initiator. In six different immortalized or transformed cell types, HIF-1α was not activated by partial mtDNA depletion as tested by chromatin immunoprecipitation (ChIP) analysis and DNA-protein binding by gel mobility shift analysis. In cells where the steadystate level of HIF-1α was increased, its activity was attenuated by physical interaction with p53, which is also induced under mitochondrial stress conditions. This was accompanied by transcription downregulation of MDM2 protein, which probably causes the accumulation of p53 in cells containing low mtDNA copy number and p53 interaction induced ubiquitination and degradation of HIF-1α protein. We therefore demonstrate here that the Ca 2+ /Cn pathway, activated in response to low mtDNA copy number, induces the expression of p53, which in turn attenuates HIF-1α activity.
RESULTS

Role of MtRS in cellular HIF-1a and p53 protein levels in C2C12 cells
We first investigated whether HIF-1α was activated in addition to the Ca 2+ /Cn pathway in C2C12 and five other cell models by partial mtDNA depletion. Figure 1a shows that dideoxycytidine treatment, which caused~70% reduction in mtDNA content in C2C12 cells in about five growth cycles (hereafter called depleted cells), generate~55% higher H 2 O 2 than the control cells (Figure 1b) , which was attenuated by treatment with 10 nM mitochondria-targeted SOD-mimic antioxidant, Mito-CP. 33 Mito-CP, however, failed to attenuate the increase in steady-state level of IGF1R (Figure 1c) , which is an important marker for mitochondrial retrograde signaling. 34 The results suggest that reactive oxygen species generated in depleted cells may not have any significant role in propagating MtRS in these cells. Despite showing an increase in reactive oxygen species production, depleted C2C12 cells did not show any detectable increase in HIF-1α protein (Figure 1d ). The extract from C2C12 cells transfected with HIF-1α expression cDNA was used as a positive control in Figure 1d .
Notably, we observed about 2.9-fold increased p53 level in depleted C2C12 cells compared with control cells. Induction of p53 by partial mtDNA depletion was also observed in A549 lung carcinoma, H9C2 cardiomyocytes, MCF-7 mammary carcinoma cells ( Figure 1e ) and COS-7 cells (Supplementary Figure S1A) . As shown later, HCT116 colon carcinoma cells also induced p53 expression in response to mtDNA depletion.
Next, we carried out the 3xHRE promoter-reporter assay for assessing HIF-1α activity in control and mtDNA-depleted MCF7 cells (Figure 1f ). Nearly 50% decrease in luciferase activity was observed in mtDNA-depleted MCF7 cells compared with control cells. The luciferase activity was sevenfold and fourfold higher when HIF1α cDNA was cotransfected with 3 × HRE reporter plasmid in control and depleted cells, respectively. However, luciferase activity in control cell was attenuated by Myc-tagged WT p53 when cotransfected with HIF1α and 3 × HRE plasmids. Notably, Mut-HRE DNA did not show any significant HIF-1α activity in both control and depleted cells. A control experiment in Figure 1g shows that cells cotransfected with HIF-1α and p53 along with the promoter-reporter construct as shown in Figure 1f indeed expressed the proteins as expected. For example, HIF-1α levels were several-fold higher in cells co-transfected with HIF-1α cDNA and cells co-transfected with MYC-tagged p53 showed higher level of p53, which migrated slower than the endogenous p53. However, co-transfection of HIF-1α and MYC-tagged p53 cDNAs caused reduced HIF-1α protein level as explained in the next sections. These results together show that p53 is induced in response to MtRS, which in turn attenuates HIF-1α activity.
HIF-1α levels in WT and p53-deleted human colon and lung carcinoma cells We investigated the roles of p53 and HIF-1α on MtRS in response to mtDNA depletion in human lung carcinoma H1299 cells, which harbor naturally deleted p53 gene. 35 We also used human colon carcinoma HCT116 cells in which p53 gene was deleted by homologous recombination (p53 − / − cells). 36 Figure 2a shows that levels of mtDNA amplified in multiple mitochondrial genomic regions such as CcO I, ND1 and ND5 was reduced by~60-70% in mtDNA-depleted HCT116p53 +/+ and p53 − / − cells compared with the respective control cells. Results of long-stretch PCR presented in Supplementary Figure S1B also shows a similar reduction of mtDNA in depleted HCT116 cells. As expected, the levels of nuclear-encoded CcO IVi.1 DNA was not altered in any of the four cell lines tested. In addition, the level of mtDNA-encoded CcO 1 protein was reduced in depleted p53 +/+ and p53 − / − cells (Figure 2b ). Consistent with reduced mtDNA levels, the CcO activity was diminished by 470% in both of the mtDNA-depleted cells in comparison with respective controls (Figure 2c) . Notably, the CcO activity in p53 − / − HCT116 cells was significantly lower, possibly because of the predicted role of p53 in CcO assembly or function. 6, 37 In addition, MDM2 mRNA levels in both HCT116p53+/+ cells (see Supplementary Figure S1C ) was markedly low, suggesting a possible basis for increased p53 protein levels. Although not shown HCT116p53
− / − cells and other cells used in this study Immunoblots were also probed with GAPDH as a loading control. (f) HRE promoter-reporter assay in control and mtDNAdepleted MCF7 cells. A trimeric HRE promoter-reporter DNA construct or a mutant version was transfected. Cells were also co-transfected with Renilla luciferase, with or without pCEP4-HIF-1α or pCDNA-Myc-wtp53 as indicated in the figure. After 48 h, dual luciferase activity were measured and the data were normalized to Renila luciferase activity, and represent the mean ± s.e. of three independent assays. (g) Immunoblot analysis of cellular extracts (50 μg protein each) of control and various transfected cells from f was used to ensure protein expression. Antibody to GAPDH was used to assess loading levels.
showed a similar downregulation of MDM2 gene expression in partial mtDNA-depleted cells.
We further tested the relationship between p53 and HIF-1α activity using 3 × HRE reporter assay 38 and occupancy of the protein on promoter DNA by ChIP analysis. The 3 × HRE-reporter activity (Figure 2d ) was very low in HCT116p53 +/+ cells but a sixfold higher activity was seen in depleted HCT116p53
− / − cells.
Transient expression of WT Myc-tagged p53 attenuated activity in both cell lines, whereas expression of mut-p53 (R175H) had no effect. Further, transfection with HIF-1α cDNA induced the activity in both p53 +/+ and p53 − / − cells, whereas co-transfection with WT-Myc-tagged p53 cDNA markedly inhibited the activity in both cell lines. As expected, however, co-transfection with Mut-p53 (R175H) did not inhibit HIF-1α-induced reporter activity. +/+ and p53 − / − HCT116 cells. A trimeric HRE promoter-reporter DNA construct or a mutant version was transfected. Cells were also co-transfected with Renilla luciferase, with or without pCEP4-HIF-1α or pCDNA-Myc-wtp53, or Mut-p53 (R175H, L22A) as indicated. After 48 h, cell extracts were assayed for dual luciferase activity. The data were normalized to Renilla luciferase activity and represent the mean ± s.e. of three independent assays. (e) Represents an immunoblotting of cell extracts from d for assessing HIF-1α and p53 contents. The blot was also probed with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody for assessing loading levels.
HIF-1α inactivation by MtRS-induced p53
Co-transfection with transcription activation domain mutant of p53 (L22A and W23A) was only marginally effective in reducing the HIF-1α-induced reporter activity. An immunoblot was carried out with the luciferase reporter cell lysates for ascertaining the expected levels of HIF-1α and p53 from the transcriptional assays in Figure 2d . The blotting in Figure 2e shows that the steady-state levels of HIF-1α (top panel) are increased in cells co-transfected with HIF-1α cDNA, which was attenuated by expression of WT Myc-tagged p53 cDNA. Immunoblot analysis with p53 antibody shows the levels of endogenous p53 (faster migrating band) in p53 +/+ cells and slower migrating band in cells transfected with WT Myc-tagged p53. As expected, p53
− / − cell extracts did not show any immunoreactive band. These results together show that p53 negatively modulates the activity of HIF-1α.
Role of MtRS in inducing the p53 expression
We investigated whether expression of p53 is downstream of Cn activation or whether it occurs through an alternate pathway in response to stress. Cathepsin-L, IGF1Rβ and RYR1/3 are some of the key marker genes induced by Cn-mediated MtRS.
19-21 Figure 3a shows that Cathepsin-L mRNA expression is induced in both p53 +/+ and p53 − / − cells following mtDNA depletion by~60-70% of control cells, although the level of expression in p53
− / − cells (both control and depleted) were significantly higher. As seen in Figure 3c , mtDNA depletion in p53 +/+ and p53 − / − cells increased IGF1Rβ mRNA levels by 1.7-and 2-fold compared with their respective controls. About 3.5-fold increase in RYR1 and RYR3 mRNA level was observed in depleted p53 +/+ cells, while 3-fold higher RYR1 gene expression was observed in depleted p53 We also tested the effects of other known mitochondrial stress inducers including treatment with mitochondrial ionophore, carbonyl cyanide m-chlorophenyl hydrazone and mtDNA depletion by short hairpin RNA (shRNA)-mediated silencing of mitochondrial transcription/replication factor, mitochondrail transcription factor A (TFAM) on p53 induction and induction of MtRS markers. Supplementary Figures S2A and B show that expression of TFAM shRNA markedly reduced both TFAM mRNA and protein level. Moreover, TFAM mRNA silencing induced the expression of IGF1R and pAkt levels that are the markers of MtRS, in addition to p53. Treatment of HCT116 cells with carbonyl cyanide m-chlorophenyl hydrazone (25 μM) induced IGF1R protein level (Supplementary Figure S2D) , p53 mRNA/protein levels and also RYR1 mRNA (Supplementary Figures S2C and D) . These results show that both mtDNA depletion and membrane damage induce p53 expression Previously, we showed that Cn-initiated retrograde signaling induced anchorage-independent growth by colony formation on the soft agar. 26, 39 Results in Figures 3g and h show that mtDNA depletion increased colony formation both in p53 +/+ and p53
− / − cells, although the induction was significantly higher in the latter cell type. Notably, FK506, a known inhibitor of Cn markedly inhibited colony formation in both cell types, suggesting the role of Cn in this signaling. These results are consistent with our previous model in which Cn acts as a master regulator of stress signaling, which promotes tumor growth.
To further evaluate the role of Cn in stress signaling and its role in p53 expression, we generated cell lines stably expressing shRNA targeted to CnAβ subunit (PP2B Aβ) and also scrambled control RNA in depleted HCT116p53 +/+ cells. Figures 4a and b show that two of the shRNA constructs (1 and 2) were effective in silencing Cn protein and mRNA, whereas scrambled shRNA did not have any significant effect. Although not shown, Cn activity was induced by about 2.5-fold in mtDNA-depleted cells, which was reduced to near-control cell level in shRNA-expressing cells. Knockdown of CnAβ mRNA also caused a reduction in IGF1R protein ( Figure 4c ) and mRNA levels (Figure 4d ), as well as RyR1 mRNA level (Figure 4e) . Immunoblotting in Figure 4f shows that the level of p-AKT (Ser473) is induced by mtDNA depletion in both p53
− / − and p53 +/+ cells, which was attenuated in cells expressing shRNA targeted to CnAβ mRNA. Most significantly, p53 mRNA ( Figure 4h ) and protein (Figure 4g ) levels were markedly reduced in cells expressing shRNA against CnAβ mRNA, suggesting that p53 gene expression is also under the regulation of the Ca 2+ /Cn pathway. Figure 5a shows immunoblot analysis of nuclear and cytoplasmic fractions of p53 +/+ and p53 − / − cells containing normal level of mtDNA and 60-70% depleted mtDNA. It is seen that nuclear HIF-1α was markedly reduced by mtDNA depletion in HCT116 p53 +/+ cells. The cytosolic HIF-1α was considerably higher in mtDNA-depleted cells than in control cells. Interestingly, mtDNA depletion in any of the p53 − / − cells caused much higher accumulations of nuclear HIF-1α (lane 4 for HCT116p53 − / − and lane 5 for H1299), whereas the cytosolic levels varied in two different cell types (lanes 10 and 11). The marked difference in HIF-1α levels in these two cell types were contrasted by the levels of p53 or Hif-1α in control and in mtDNA-depleted cells. The contrasting levels of these two proteins in depleted cells were further tested using H1299 cells, which do not express p53 but express relatively high levels of HIF-1α (see lanes 1 and 5; Figure 5a ). HIF-1α-responsive genes such as erythropoietin (EPO), 40 vascular endothelial growth factor (VEGF) 41 and Glucose transporter 1 (Glut1) 42, 43 contain an HRE motif in their promoter regions. ChIP analysis (Figure 5c ) shows occupancy of the HRE motifs of EPO, VEGF and Glut1 genes by by HIF-1α, by 262-fold, 7-fold and 73-fold higher only in mtDNA-depleted p53-null cells over control cells (Figure 5c ). The mtDNA-depleted p53+/+ cells, on the other hand, showed no significant HIF-1α binding to promoter DNA. The results of ChIP analysis fully support the electrophoresis mobility shift assay data in Supplementary Figure S3A .
As HIF-1α is known to induce many glycolytic pathway genes, we tested the levels of Glut1, Glut2, Glut3 and Glut4, phosphoglycerate kinase 1, Glucokinase and hexokinase mRNA levels by quantitative PCR in response to mtDNA depletion and p53 inactivation (Figure 5d ). No significant changes in Glut1, Glut2, Glut4 and phosphoglycerate kinase 1 mRNAs were observed in control and mtDNA-depleted p53 +/+ cells. However, a 4.5-fold increase in Glut3 and 7-fold increase of Glucokinase mRNA were observed in depleted p53 +/+ cells. There was also a marked reduction in the level of HK mRNA in depleted p53 +/+ cells (Figure 5d ). However, as seen from Figure 5e , a 17-fold increase in Glut1, 3.6-fold in Glut3, 3.3-fold in Glut4, 2-fold of phosphoglycerate kinase 1, 7.9-fold of Glucokinase and 7-fold of HK mRNA were observed in mtDNA-depleted p53
− / − cells compared with the control p53
− / − cells. We also observed a 90% reduction in Glut2 mRNA by mtDNA depletion in p53
− / − cells. Our results clearly show that most of the glycolysis pathway genes are upregulated in p53
− / − cells in response to mitochondrial stress, confirming the possible role of p53 in regulating HIF-1α activity.
The generality of p53 regulation of HIF-1α factor was investigated in breast epithelial carcinoma MCF-7 cells. Supplementary Figure S3B shows gel shift analysis with nuclear extracts from control and depleted MCF-7 (80% less mtDNA content, data not shown) cells with EPO-HRE DNA probe. Results show that nuclear extract from CoCl 2 -treated Cos-7 cells yielded a prominent band, which was inhibited by excess of unlabeled double-stranded DNA. In addition, nuclear extract from control MCF-7 cells yielded a minor band, which was not seen with nuclear extract from mtDNA-depleted MCF-7 cells (Supplementary Figure S3B) . Co-transfection with HIF-1α cDNA markedly increased DNA binding, which was inhibited by 50 molar excess of unlabeled DNA probe and also co-expression with WT p53 cDNA. Co-expression with mut-p53 cDNA did not diminish the band intensity. These results confirm that p53 regulation of HIF-1α activity is not cell specific and is probably a general mechanism. +/+ and p53 − / − cells were analyzed by soft agar colony formation assay as described in Materials and Methods. Both sets of mtDNA-depleted cells were treated with or without FK506, an inhibitor Cn after 3 weeks of growth are shown. (h) The histograms show the average number of colonies of three different plates. Means ± s.e. were calculated from three independent assays. **P o0.005 and *P o0.05.
HIF-1α inactivation by MtRS-induced p53
Physical association of p53 with HIF-1α protein As induced expression of p53 reduced the nuclear HIF-1α level, we wondered whether p53 physically binds to HIF-1α and attenuates its nuclear entry. This was tested by co-immunoprecipitation of the two factors. Immunoblotting in Figure 6a shows that the p53 antibody pulled down negligible HIF-1α protein from HCT116p53 +/+ cells, but a substantial amount was pulled down from depleted p53 +/+ cells. Furthermore, no detectable HIF-1α 0) (2.1) (4.9)(4.5) (3.4) (4.2) (0.7) +/+ and p53 − / − cells (e) by real-time PCR. Means ± s.e. were calculated from three independent assays. **P o0.005 and *P o0.05. Values in parentheses of all immunoblots (average of two separate estimates) indicate relative band intensities normalized with relative GAPDH levels.
protein was pulled down from p53 − / − cells, although protein extract from cells transfected with Myc-tagged WT53 showed high level of HIF-1α pull down by Myc antibody. Immunoprecipitation with goat IgG used as control yielded an IgG-specific band, which migrated faster than the p53 band. Immunoprecipitation of MCF-7 cell extract yielded essentially similar results in that p53 antibody pulled down higher level of HIF-1α protein in extracts from depleted cells than from control cells. As with HCT116 cells, Myc antibody pulled down a slower migrating Myc-tagged p53 and HIF-1α protein from depleted MCF-7 cells (Figure 6a ). The specificity of p53-HIF-1α interaction was tested by reverse pulldown experiments in which immunoprecipitates using HIF-1α antibody were tested for the presence of HIF-1α and also p53 by immunoblot analysis (Figure 6b ). HIF-1α was immunoprecipitated from both HCT116 and MCF-7 cell extracts, although the amount was considerably lower in depleted p53 +/+ cells than corresponding p53
− / − cells. In addition, endogenously expressed p53 was detected only in mtDNA-depleted HCT116p53 +/+ and MCF-7 cell extracts, but not in p53 − / − cell extracts. A slower migrating p53 band was seen in cells transfected with Myc-tagged p53 cDNA. In Figures 6c and d , 3% of the lysates used for immunoprecipitation above in Figures 6a and b were subjected to immunoblot analysis and probed with antibodies to HIF-1α, p53 or glyceraldehyde 3-phosphate dehydrogenase as loading control. It is seen that the extracts used for immunoprecipitation contained expected levels of HIF-1α, p53 or Myc-p53 protein. These results provide direct evidence for physical association between p53 and HIF-1α, most probably in the cytoplasmic compartment of cells.
Stress-induced p53 expression promotes ubiquitination and degradation of HIF-1α
Our results showed significantly lower levels of HIF-1α in depleted cells, which express higher levels of p53. Similarly, ectopic expression of p53 caused lowering of HIF-1α protein. We therefore investigated the ubiquitination status of HIF-1α in depleted p53 − / − cells. The relative p53 band intensities were calculated using the intensity of zero time of exposure with CHX as 100%. Means and s.d. were calculated from three independent experiments. (f) Total cell lysates (40 μg protein each) of indicated cell line were subjected to immunoblot analysis with antibodies against PHD1, PHD2, PHD3 and VHL antibody. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for the loading control. The values in parentheses indicate relative band intensities normalized to relative levels of GAPDH protein.
HIF-1α inactivation by MtRS-induced p53
co-tansfected with p53 cDNA. The middle panel from top shows that HIF-1α level was nearly similar in all treated cell extracts. These results suggested the possible role of p53 in the ubiquitination of HIF-1α.
We further investigated this possibility by assessing the turnover rates of HIF-1α in p53 +/+ and p53 − / − cells when translation of new protein was arrested by the addition of 100 μM cycloheximide. The level of HIF-1α was quantified at different time points from 0 to 40 min in both depleted p53 +/+ and p53 − / − cells by immunoblot analysis (Figures 7c and d) . It is seen that the t 1/2 for HIF-1α was considerably longer in p53
− / − cells as compared with p53
+/+ cells incubated in the presence of cycloheximide (Figure 7e) . Similarly, in p53
− / − cells, transfection with WT Myc-p53 reduced the t 1/2 , whereas transfection with mut p53 did not alter the turnover rate (Figures 7d  and e) . These results provide direct proof for the role of p53 in the degradation of HIF-1α.
In oxygenated environment, posttranslational modification of HIF-1α at Proline (Pro-402 and Pro-564) residues by prolyl hydroxylases (PHD1, 2 and 3) induces ubquitination of HIF-1α. 44, 45 The tumor suppressor protein VHL [46] [47] [48] recognizes the hydroxylated moiety and induces the ubiquitination of HIF-1α. Results in Figure 7f show that there was a significant reduction in the levels of all three PHD isoforms (PHD1, 2 and 3) in response to mtDNA depletion in HCT116p53 +/+ cells. Of the three PHDs, PHD2 is thought to be the key oxygen sensor in regulating HIF-1α. 49 Some studies show that PHD2 and PHD3 are HIF target genes that are part of the negative feedback loop. The lower steady-state levels of these proteins in partially mtDNA-depleted cells are in keeping with our results of p53-mediated downregulation of HIF-1α. PHD2 is a potent mediator angiogenesis pathway. Dang et al. 50 showed in xenografts model that tumors that lack HIF-1α and PHD2 grow faster than control tumors that only lack HIF-1α, which suggest that PHD2 has additional function independent of HIF-1α. In depleted p53
− / − cells, however, the level of PHD1 and 2 were marginally reduced, whereas PHD3 was markedly reduced. Because of reported role of PHD3 in the regulation of HIF-1α in hypoxia, 51 near-complete loss of PHD3 in depleted HCT116 suggests that this protein is unlikely involved in the turnover of HIF-1α in HCT116 cells. Figure 7f also shows that there was a marked increase in the VHL levels in mtDNA-depleted cells as compared with control cells. It is therefore likely to be that VHL acts as an ubiquitin ligase in the degradation of HIF-1α in mtDNAdepleted cells and this process is supported by p53. These results suggest that HIF-1α ubiquitination in depleted cells occurs by a mechanism different from the one known for hypoxic condition.
DISCUSSION
MtRS is an adaptive response to mitochondrial metabolic, genetic and bioenergetic defects, which alters the expression of a large number of nuclear genes involved in myriad of cellular functions including oncogenic progression. 52 MtRS is also reported to have roles in myocardial disease, familial inherited deafness and aging. 53 In this study, using five different cell lines and multiple approaches to partially deplete mtDNA or disrupt Δψm, we present evidence that p53 gene expression is also induced as part of MtRS, which in turn attenuates HIF-1α activity. Interestingly, MDM2 mRNA levels are reduced in response to partial mtDNA depletion, which is likely to be the reason for the observed increase in p53 protein levels. Previously, we showed that MtRS induces a shift in metabolism, altered cell morphology and altered growth characteristics. 17, 20, 21, 34 This study therefore shows that the MtRS-induced changes occur independent of HIF-1α activity in immortalized cells.
p53 is an important tumor suppressor protein, which is considered as the guardian of the genome, because it renders protection against DNA damage.
5 Consequently, its expression is induced under chemical or radiation exposure and other stress conditions. 54 For the first time, we show that mitochondrial chemical and metabolic inhibitors and mtDNA-damaging agents induce the expression of p53 and the increase appears to be due to increased transcription in stressed cells. It should be noted that dideoxycytidine and ethidium bromide used for depleting mtDNA are highly selective for mtDNA depletion and known to cause minimal or no detectable damage to nuclear DNA. 21, 55 Furthermore, stable expression of shRNA against TFAM, which is involved in mtDNA maintenance, affects mitochondrial function without any direct effects on nuclear DNA. Using these multiple approaches, we show that mitochondrial functional defects induce p53 gene expression.
In addition to the Ca 2+ /Cn mechanism, which was described from our laboratory, 21 reports suggest the occurrence of other pathways including mitochondrial reactive oxygen speciesinduced HIF-1α activation, which is suggested to alter nuclear gene expression and induce metabolic shift. 23, 30 We therefore investigated whether the 2-4-fold increase in p53 level was part of the Ca 2+ /Cn pathway or other signaling pathways. Our results suggest that p53 expression is downstream of Cn activation, as Cn inhibitor, FK506 and also CnAβ knockdown by shRNA expression markedly attenuated the expression of p53 in mtDNA-reduced cells. The pro-apoptotic function of p53 by inducing the expression of Bax and Bid is well established.
1 mtDNA-depleted cells, on the other hand, are resistant to etoposide-and thapsigargin-induced apoptosis by way of inducing several antiapoptotic proteins including BCL2, Akt-Pi3-K and so on. 27, 28 In this regard, induced expression of p53 in cells with altered mitochondrial function is somewhat intriguing. However, p53 is known to have yet unknown roles in modulating mitochondrial respiration and oxidative phosphorylation. 56, 57 It is therefore likely to be that induced expression of p53 in cells with mitochondrial lesions could be a compensatory response. A notable finding of this study is that p53 induced in response to mtDNA and membrane lesions renders HIF-1α inactive, and that metabolic shift induced in these cells is irrespective of HIF-1α activity.
Some studies suggest that activation of p53 in bone marrow stromal cells reduced the transcription of HIF-1α possibly through binding to transcription co-activator p300, which is also required for transcription of HIF-1α gene. [58] [59] [60] Other reports suggest regulation of p53 degradation by HIF-1α. 60 , 61 Our results demonstrate that HIF-1α activity is not only downregulated by physical association with p53 but also the ubiquitin-mediated degradation of the former. We have not observed any degradation of p53 in mtDNA-reduced cells. Support for this observation comes from experiments using two different p53-null cells in which mtDNA depletion induced HIF-1α activity and induced expression of its target genes. Furthermore, expression of WT p53, but not mutant p53, in p53 − / − cells attenuated HIF-1α activity. These results provide a rigorous proof for a novel pathway of negative modulatory role of p53 on HIF-1α activity and stability. Our results showing reduced nuclear levels of HIF-1α in p53-overexpressing cells suggest that the physical interaction between these two factors may occur in the cytosol. However, interaction between these two proteins within the nuclear compartment cannot be ruled out.
Previous studies showed that in some hypoxic tumors HIF-1α negatively modulated p53 levels by inducing the latter's degradation. 62 By contrast, our results with mitochondrial stress show that physical association of p53 induces the degradation of HIF-1α through ubiquitiation, whereas the level of p53 is not affected. At the present time the molecular bases for this contrasting difference remains unclear.
Under normoxic conditions, O 2 activates PHD isoenzymes that modify the Pro residues of HIF-1α protein, promoting the VHLmediated ubiquitination. Paradoxically, all three PHD enzymes are downregulated in mtDNA-depleted cells, whereas the level of VHL protein increased (Figure 7) . Results of co-immunoprecipitation in p53 − / − and p53 +/+ cells demonstrate that p53 markedly increases ubiquitination of HIF-1α. In addition, pulse-chase experiments in the presence of added cycloheximede show a more rapid HIF-1α degradation kinetic in p53 +/+ cells in comparison with p53 cells. These results clearly establish a role for p53 in induced degradation of HIF-1α. We propose that p53 association with HIF-1α makes it more amenable for interaction with VHL ubiquitin ligase, thus inducing its degradation. The precise mechanism by which p53 induces ubiquitination of HIF-1α presently remains unclear. Interaction of p53 with HIF-1α is facilitated by downregulation of MDM2 in these stressed cells. It is well established that HIF-1α is involved in metabolic shift and angiogenesis in hypoxic tumors. We propose that in tumors expressing WT p53, MtRS-induced hnRNPA2 mechanism has an important role in metabolic reprogramming of solid tumors, under hypoxic conditions. It is likely to be that incipient angiogenesis, which has been reported to occur in the absence of HIF-1α activity, has a role in tumor progression under these conditions. 63 In tumors expressing mutant p53, HIF-1α has a predominant role in metabolic reprogramming, angiogenesis and tumor progression.
MATERIALS AND METHODS
Cell lines, culture conditions and transfection
Murine C2C12 skeletal myoblasts (ATCC CRL1772), COS-7, rat myoblast H9c2, human lung carcinoma A549, human non-small cell lung carcinoma cell H1299, colorectal carcinoma cell line HCT116, p53
+/+ and its isogenic p53-deficient HCT116 p53
− / − were grown in Dulbecco's modified Eagle's medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) as described before. 21 Human breast adenocarcinoma cell line MCF7 were grown in Dulbecco's modified Eagle's medium/F12 (1:1) medium supplemented with 10% fetal bovine serum and 1% Penicillin/Streptomycin. MtDNA depletion was carried out by the administration of 10 μM 2′-3′-dideoxycytidine until the mtDNA content decreased to 70-80% of control cells. mtDNA-depleted cells were supplemented with 1 mM sodium pyruvate and 50 μg/ml uridine. Chemical hypoxia in COS-7 cells was induced by treatment with 150 μM CoCl 2 for 4 h.
Electrophoresis mobility shift assay
The HIF-1α binding to a hypoxia-responsive element DNA by gel mobility shift assay using 32 P end labeled double-stranded DNA probe (5′-GCCCTACGTGCTGTCTCACACAGC-3′) as described previously. 64 For supershift, 2 μg of polyclonal antibody to HIF-1α (H-206x, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was added to the reaction mixture before the addition of labeled oligonucleotides. Excess unlabeled (50-200-fold molar excess) DNA was used for competition. DNA-protein complexes were resolved on a 5% polyacrylamide gel with 0.5 × Tris-borate-EDTA at 100 V and the gel was dried and exposed to X-ray film.
ChIP assay
ChIP assays were carried out with cells fixed with 1% formaldehyde using a standard protocol and immunoprecipitated with anti-HIF1α antibody (Santa Cruz Biotechnology, Inc.) overnight at 4°C. One percent of the sample was taken for input of each reaction and pre-immune IgG was used as a negative control. Antibody and Chromatin complex were immunoprecipitated by protein A/G agarose beads with salmon sperm DNA (50% Slurry). Eluted DNA-protein complexes were reversed with 5 M NaCl at 65°C overnight. Immunoprecipitated DNA was purified and amplified by PCR of HRE-binding regions of human EPO, VEGF and Glut1 promoters (see the primer sequences in Supplementary Table S1 ). Data were presented as fold enrichment by subtracting the signal with no antibody and expressed as fold increase over control sample.
HIF1α stability assay
MtDNA-depleted HCT116 p53 +/+ and H1299 were incubated with 100 μM Cyclohexamide (Sigma, St Louis, MO, USA) for 0-40 min and then collected in RIPA buffer. Equal amounts of total protein from each treatment were used for quantifying HIF-1α protein by immunoblot analysis.
In vivo poly-ubiquitination assay About 10 × 10 6 cells were transfected by electroporation (Bio-Rad, Hercules, CA, USA) with Ha-Ub and indicated plasmid DNAs. Cells were incubated for 36 h and pretreated for an additional 6 h with 20 μM MG132 (Cayman Chemical Company, Ann Arbor, MI, USA) before collection. The cells were then lysed in 1% SDS. For denaturing immunoprecipitation, cell lysates were incubated at 95°C for 5 min and sonicated. After removing the debris, one aliquot was saved for western blot analysis and the rest of the lysates were diluted 10-fold in lysis buffer (supplemented with protease inhibitors and 10 mM NEM) to reduce the SDS concentration. Proteins were immunoprecipitated with specific antibodies and resolved by SDS-polyacrylamide gel electrophoresis. The extent of ubiquitination of immunoprecipitated complexes were detected by HA-specific antibody (12CA5) against HA-Ub-tagged proteins.
Statistical analysis
Statistical analyses were performed using Microsoft Excel or Origin Software. Statistical significance was determined by an unpaired twotailed Student's t-test and paired wherever needed and equality of variance was checked using F-test. All results for the in vitro experiments are presented as means ± s.d. of at least three data points from three different experiments. P-values ⩽ 0.05 were considered statistically significant and P-values ⩽ 0.001 were considered highly significant.
